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PASSIVE AND L(M4ENERGY RESEARCH AND DEVE!WMENT:
A GL~Al VIEW

J. Oouglas Balr.omb

Los Alams National Laboratory
~OS AIZIUOS,NW kXfCO 87545

ABSTRACT

Passive and low energy applications In buildings has become a topic of
worltilde Interest wfthln the last feu.fears. It has nm+ bean demonstrated
very clea)ly that Indoor comfort ‘m! be melntalned with an expenditure of
only 10 to 2(M of the ener

&
often requfred by modern bulldlngs. This fs

accomplished through a c fnatlon of conservation measures tomlnlmlze the
loed, psssfve use ofsolarmtergy for heating, natural cooljng, and day-
llghtlng. Hybrtd systems to assist iitrflow orevapor~tlon are often ef-
fective. Accixnpenyfngthese developments has been an Increasing level of
research actlvlty. The major ?wearcheqhasl$ has beenon devfslnq methe-
mtlcal models to#haracterlze heat flouwfthln bulldlngs, on the valida-
tion of these models by cmparlsonvlth test results, md on the subsequent
use of the models to Investigate the Influence of both destgn

L
rameters

and weather on system performance. Tha results have clearly s that
correct desf n 4s very clfmate dependent, and aany factirs mst be con-

!sfdend to o tatn the best resu’its. To thfsmd, design guldeltnos have
Mend eveloped, and slmplffled methods ofanalysfs have been praswlgated.
The In{tlal mphasls was onestfmetlng andmaxfmlzln ●nergy savln s, Now

? ?th,: thfs tsuall established, theamphasls Is shiftng tomaxtmlz ng the
comfort andconvcnlenc~ charactdstlcs of thx bulldlng, whtch, when well
&slgned, nomdly~xcaed those ofconventl?nel bufldings. Performance has
been monltomd In test moduleso test bulldfn so and many res~dentlal and

fCWrCfdl hulldtngs. The results both confm good perfomence and
establtsh the accurac of nodal pradfctlons. A slgnlffcant change in the
research plctura has L n seen in the last 4yaars; uhenas thamajoref-
fort was originally in the Unfted States, ~~search 1s nowbeln conducted

?{n~nycountr~as throughout the uorldas menyptoplehava ram Ized that
passive and low energy methods arm appreprfate fn vlrtuall wary cllmete

imd are well sufted to ●conomfc, cowanfent, and mllable ulld~ng con-
struction and operatton.

WON( perr3me6uni auspfces of the US OeperMent of Energy, Offfce
of Solar Neht Technologies.
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INTRODUCTION

Passfve and lou energy system have a mmber of characteristics that have
brought thea to the ●ttintlon of a world now ●cutely aware of energy
scerclty and high energy prices. These attributes Inclu& the following:

(1)

(2)

(3)

(4)

Zero or mlnfmal ener Y use.
!

Passive systems rely entfrely on the
natural mechanisms o conduction, conwectfon, radfatlon, and
evapor8tfon. Other nonpasslve or hybrfd systems use a nlnfmumof
●xternal ●ner~ to run such devices as a low-pressure fan, a solar
system clrculatfn p-, or a water pump to wet evaporative cooler
pads. ?If extema energy fs used, the coefficient of performance
should be at least 10; that fs, 10 tfmes as much ●nergy should be
transporte~a~ut energy requfred.

Simple and relfable operatfon. Passfve systems usually are buflt
as ●n fntegral part of the structure usfng ordfnary bufldfng
●lements such as brfcks, concrete, @nd glass. As such Lhey are
well understood by the occupants and, ff maintenance fs ever rt-
qufred, nospecfal skflls are needed. Lou energy systems ten to
use sfmple mechanical devfces; Infrequent repafrs can usuallyL
done wfth locally avaflable parts and skflls. The incredible
c~plexfty and poor relfabfllty of some of the early activesolar
systems causeda tiactlon in favor of passive approacfm and lad
to an emphasis on Mepfng the systsm sfmple.

Low cost and multfple use. These features are combfned because
low cost o tenderfves from multfple use. For example, ffa sun-

Aspace pro des t valuable uorkfng or connection zone, can be used
as a gnenhouse, and fs aesthetically attractive, then most of fts
cost can be allocated to these functfons and the energy beneffts
are nearly free. Perhaps the best example fs a sfm le wfndou

Euhfch (when properly located) provfdes vfeu, dayllg t, ventfla-
tfon, and passfve solar gafns at appropriate tfmes. Lou cost and
sfmplfcfty are also closely nlated.

Good perfomence. Nonftorfng has shoun that these systems perform
well, both fn tense of energy savfngs and thermal comfort, pro-
vfded they are well desfgned.

Most passfve and low energy systems rwly ondesfgnfng the bufldfn tgu~~
R?advantage of the clfmate when ft IS advantageous and to protect t =

fn from theclfmateuhen ftfs not.
$

Thfs results fn the use of strctegfcs
uh chare hfghly de ndent on the local clfmate#ndwhfch rqufrea greatir

rsophfstfcatfon on t e pert of the deslgnar to bc able to take advantage of
energy-savfng opportunftfcs afforded by the cllmate. The clrea@-dffffcult
job of tho desfgnerbccomes ●vmma Involved because a whole new set of
fssuesand constraints must beconsfdmd.

As fntarest fn passfv~ and loumergy system has grown, research and
development has been essential to provfde both credfbflfty and gufdance to
desfgners. Theenpertf~of the technfcal and scfentfffc comunfty has
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k. ..~{ete~ ●n .wa:9mt. ●nd pwtllct perf~mence, to develop desly tools:“---- . .. .- -- --- ---- -
●nd to assist In the development of new products and methods. Inftlally.
emphasis was placed on passive solar heating, but gradually ● ■uch broader
view of building ●aergy issues has led to a balanced consideration of con-
servation. winter heating, simser cooling, and daylighting. Also, ●n
initial eaphasison single residences t!asbroadened to include multifamil)
residential●nd both small and large cosnercial buildings. Where-s re-
search and development was originally concentrated in the United States it
has quickly spmd togaay cwncries ●round the World NIC~aSSin9 ● Wide
range of climates and buildfng traditions.

PASSIVE RESEARCH

Research on passive solar heating has been reviewed recently by 8alcomb
(1982) and this work will only be sunmsrlzed briefly here. A schematic
overview of the key ●lements is shown in Fig. 1. Mathematical modeling is
the critical element providing a bridge bettien the experiments! ●ctivities
on the left side and the systems analysis
work OF other mathematical techniques are
flnw and general thennel behavior.

on the right side. lhemsl net-
used to characterize the heat

valuable experiments. These have

Experimental Work

Test modules have proved to be ●specially
rang d from test boxes

5
~f about 1 m on a sirie to test rooms of about

13m volune with 2.5m of glazing and to small test buildings. Test
modules in the U.S., describad by hoore (1982), are usually operated in
actual outdoor mather conditions ●nd provide an opportunity to obtain
data, usually nn a single passive solar element, under carefully observed

WEATHER:SOLA14 OATA

MoDELmQ

r

MODEL
SPECIAL VALIDATION

ExPERIMENTS I
/ / I

EE%-@=D= I I
~ SiMPLIFIEOhKTHOOS I

PuSLKATIOFWS
TECMNICALPAFER8
0E8Qm HAND000K

Gi=i5ii

Fig. 1 Schematic of the key elements of the resaarch program.
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and controlled conditions. These experiments have provldad the bulk of
data used forvalldctfon of the mathamatlcal models. In most cases, rela-
tively simple models have been adequate to predict average temperatures and
back+p heat requirements. For example, ccssblnlngmass elemnts can often
be done If the only infrmatfon dasfred Is about average behavfor; whereas,
if detafled prediction ofan fndfvfdual wall tampelature fs needed, that
wall must be consfde~ed separately in the model.

, Specfal experiments are usually set up to obtafn !nfomatfon about one
specfffc energy flow mechanfsm. For example, sfmflftude ●xperfmants have
been performed bylieber (1978) to obtafn data on natural afrflow through
an aperture, such as doonray between rooms. The experfmants ware perfomad
in the laboratory usfng a one-fffth scale model fflledwfth Freon” gas
fn order to achfeve similitude fn the fmportant flow parameters. Heat was
transferad from a hot ,plateat the end of one room through the aperture to
a cold plate at the opposfte ●nd of the other room. Correlations ware ob-
tafned for the h?at exchange (fn terns of a Nusselt number) as a functfon
of the room-to-room temperature difference (in tens of a Grashof nunber).
It was determfwed that the heat exchange fs quite sensftive to the door
hefght, presumably because of hot gas trappfng above the door top.

Performance Nonftorfng

Whereas detafled results exfsted from only a handful of monitored bufldfngs
before 1980, there fs nowa huge volume of data from the monitoring of more
than 100 passfve solar buildings fn the U.S. alone,rapresentfng a wfde
varfety of climates &nd dasl n approaches. Most of thfs data collection

?has been the Nsult of the C ass Bmonftorfng program and, to a lesser
ex$ent, the Natfonal Solar Oata WW@ pro ram. Nourly data from 200r

!more channels are recorded and computer ana yzed to daterisfnebufldfng
energy requframants,auxflfary heat, and fnternal heat, usually sumnarfzed
monthly. Taken as a whole, these data show very good net parfomance.
Mess red bufldfn oadcoefffcfentsam Usi$allyintha range ofO.8 to 1.5

1 %M/Cm , whfch fs a utone-half that ofconventfonal contemporary bufl -
fn?s. ~xilfary heat requframents ar$ fn the range 0.2S to 0.50 M/rm!!
fn sunny clfmat.eshnd O.4 to 0.8 U/CsI fn las$ favorable solar clfmates.
Solar gafns offset typfcally 25 to 75%of the bufldfng load. There me a
wfda varfety of bufldfngs fn the sample fncludfng suparfnsulated, ●arth
sheltered, and all the major

l“
ssfva system typss. Internal heat varfes

wfdely between the varfous bu ldfngs and makes a major contribution to the
heatfng in some cases, Although no passfve ‘ypa emerges ●s the best par-
former, good thensal desfgn fs seen to beessentfal. The energy perfor-
mance of480f the monftored bufldfngs f$ Wsssarfzed fn Ffg. 2.

A deficiency of the mon~torfng fs that avaluatfonof thermal comfort has
been almost overlooked frifavor of energy performance measures. While most
of the buflffingsme comfortable, there fs a tendency for tamperat~re
swfngs to be too large fn some dfrect gafn bufldfngs.

A separate survey by 14efer(1’984),which fnclwi;s both passfve solar’and
other low energy housos, finds that s ce h?atfng energy has been ●conomi-

rtally reduced to aboutone-fffth the ●vel M ufred fn the average ●xfstfnu9house or abwt one-third the level e*?fmated or typfcal new homes.

Data fram monitoring are a veluable re$ourco for BW’IYpurpos?s. Regression
analysfs has been used ta detcnfne constants fn simple thermal netwo~
models usfng the hourly monftored data. Valtdatfonofdaslgn tools, such
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fIONITORED BUILDING RESULTS
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Fig. 2 Results of the ronftorlng of several buildings. The bars $’w
seasonal energy (usutlly for 5 or 6 mnths) divided by the bulld-
Ing floor #rea and the actual de ree days for the season, calcu-

?latod for a base temperature of 8.30C (65°F). The black
portion of th bar denotos purchased onorgy; the portion klw
the bar Is fntarnal anergy, and t,e black portfon above the bar
Is auxllfary heat. The total length of the bar is the total hmt
required by the bufldfng, determined ucfng the buildin heat load

?coefficient and the measured insfde/outsfdeAT Integm . Thus,
by subtrac4fon, the tilte portion of the bar is th~ solar ener
absorkd less any vented energy, YThe state in which the stte s
located is indfcttcd above the bar. The buildln s are rank
ordered according W tuxfliary heat. Seveml bu ldln s wfth luw

7!fntcrnal heat uere unoccupied but were themmstatica~ y controlled
to nomnl lQVOIS.

●s solar load mtfo correlctfons, is undowty. In addftion to the Class B
data, mich mom detailad data are now becixsingavailable from the Class A
monitoring program. A primsry objectfve Is detailed ond cmnprehenslve
validation of ccmputer simulation md~ls Of buildfngs,

systems Analysis

SystMs analysfs has con$fstadmsfnly of runnfng-cmputor simulttionmod~ls
through an cntfmy tar using historical hourly withar and $olsr dtta tak~n
from a iarge nd~r of situ. ThQ results haye bcenusod both to study th
effect of various desf n Pbramotsrs on wrfomance and as t data bate for

!the dtv~lo~nt of des gn tools.

Scns~tlvlty to tha selection of design parameters has usually been

The result)~l”nt-
cd as a graph shwing how a sfngle parameter, such as Trtmtbewtll t fck-
ness, aff9ctt annual perfomanc~ fn a particular cfty.
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depicted either in terms of heating and cooling enerqy (as In the Cali-
fornia Passive Handbook) or in tams of a dimensionless solar savfngs
fractfon (as in the Passive Solar Oesign Handbook). Since there are msny
parameters, the job of analyzing and presenting results becomes a large
one.

A variety of passive solar design tools have emerged. Perhaps it would be
more accurate to categorize these as analysis tools helpful in design.
These are nornsillybased on correlation techniques and require nsichless
calculation than a simulation, although many are quite complex and are most
suitable for cOmpUter analysis. Others are more simplified, but usually
at the cost of being less comprehensive.

The solar load ratio method (Balcomb, 19B2) has been widely used, in which
correlations for each of 94 passive system types hava been developed.
Calculations cre done monthly, based on long-term average temperature and
sol~r statistics; the analysis, however, can be reduced to a much simpler
annual calculatio~jif prepared tables are available for the site of in-
terest.

Balancing Co,:servationand Solar

A technique has been developed by Balcomb (1980) to determine the optimal
mix between conservation and solar strategies. To obtain an answer,One
needs the cost characteristics of both the passive solar systsm and the
energy conservation features. This information will generally be in the
form of the cost per R per unit area for the wall and ceiling insulation,
the cost per additional glazing for windows, the cost of reducing infil-
tration (including the cost of adding an air-to-air heat recovery unit if
needed), and the cost per unit area for the passive solar collection aper-
ture. Given this information, the method provides simple equations that
can be used to trace the economic optimal-mix line for a particular locale.

Passive Cooling

Although passive cooling (sometimes referred to &s natural cooling) has
received much attention since about 1978, the evolution from research re-
sults tc quantified performance evaluation, design tools, and appropriate
products has been much slower than for passive heating. This is artly bQ-
cause of the nature of the problem. TFor natural coolins, thebui ding is
frequently open to the atmosphere, for example, to promote natural ventila-
tion, whereas for heating it is normally closed. Thus the problem is less
tractable to simple analytical modeling because terrain, external velocity
and pressure distributions, and details of building geometry become rela-
tively mucn more important. A second reason is that natural cooling com-
prises a set ofstrate ies which we only related in that the objective is

?to promote heat reject on, Thesa are natural ventilation, radiation, earth
cnntact, and evaporation. Nonetheless, these ..vstemsmust work together.
Also, it is often the case that the most import~nt strategy is not cooling
itself but the avoidance of a cooling load through strategies such as shad-
ing and light exterior colors. The need for dehumidification is often th@
remaining major issue when defensive Strategies ha’;ubeen amployad. Thus
the problem is highly interrelated and nonlinear. The main approach has
been brute torte computer simulation, and it has *rw*d to be difficult to

\categorize the results into a s!mple set of guida ines and analysis pro-
cedures.
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Nonetheless, passfve coolfng works. Radfatfve coolfng has been the most
researched probakly because ft is analytically the mast tractable. It
works best fn arid clfmetes at ntght when the sky temperatures are low.
Earth contact has aiso been well studfed; although cooling can be achieved
through earth contact, the amou-ts are small. It fs most appropriate to
mfdcontinental clfmetes with cold wfnters and hot sunsners. The primary
benefft is probably bufferfng the building facade from the extremes of the
outsfde clfmete. An unfortunate sfde effect fs that tha opportunity for
natural ventilation is reduced.

Natural ventilation, especially ventilation at nfght when outsfde air
temperatures are low enough, fs prcbably the most effective passfve coolfng
strategy. It fs also the least amenable to precfse analysfs and preafc-
tion. Major studfes and experiments are sinderwiijto stu~ all these ef-
fects, and more research ‘esultsshould be forthcoming in the next few
years.

PASSIVE SOLAR RESEARCH AROUND THE UORLO

The followfng are a few selected examples of passfve solar heatfng research
befng performed fn various countries,to gfve a flavor for the dffferent
fssues befng addressed and dffferent approaches being taken.

EC!!!@
A demonstration and research passfve solar test house has been constructed
by the faculty of engfneerfngat the Unfw?rsft,yof Porto. The house, c lled
“It?ennallyOptimized House-Laboratory” has a gross f100r area of 145 m$
un two levels. It Is buflt in close accordance with contemporary construc-
tion practfces and materials except that insulation fs added outsfde the
wall and roof mass to brfng the overall daily loss coefficient (per unft
floor area) down

P
27.5 Uh/m2-C-dey. The wall U-va ue, for example, fs

0.6 Wm2-C. Pass ve solar collection area fs 24.5 J consisting of
water wall, Trombe wall, and direct gain. These va;ues are consfstentwfth
conservation and solar b~laflcfngguidelines developed for Porto based on
the procedure referenced above.

Sfmulatfon analysfs has been performed for the buildfng, based on the ther-
mal network model shown fn Ffg. 3. This fndicates that good comfort condi-
tions wfll be achieved and that the bufldfng will respond fn a very slow
and well-behaved way to nmnel and extreme weather transients. Total
auxilfary heat Is expected to be &bout 1400 k~h durfng a normal winter
based on 1615 heating degree days (180C base).

The bufldfng Is very thoroughly Instrumented and a microprocessor-based
system fs befng used for data hcqufsftfon and recording. Provlsfon fs made
to transfer data to a central computer facility for subsequent analysfs and
model validation. The buildin fs a very well conceived response to the

?social and clfmetfc and economc needs of Portugal and the results wfll be
quite valuable in enhancin the credibility of passive solar as well as

!providfng valuable researc results to guide evaluation of design gufde-
lfnes.
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Ffg. 3 Themal network of the Porto solar house. Nt#nberedcf~les show
pofnts atwhfch temperatures are calculated. Resfstor connections
show heat flow paths, labeled G. The model is drfven usfng out-
side temperature and solar radlatfon Inputs.

d
Argentina

A team of architects, engineers, and physicists has been assembled at
IADIZA (Argentine Instftute for Arfd Zone Investfgatfons,a government-
sponsored agency) fn Mendoza (33 degrees S latftude). The group has been
assimilating information on appropriate clfmatfc desfgn from around the
world with the help of consultants brought fn for a few weeks. A small
test house incorporating Trombe walls, direct gafn, and thermosfphon solar
water heaters was buflt fn 1980 and has provfdc. valuable feedback to the
group.

Argentfna has a large publfc $ousfng program and there are clear fndfca-
tfons that clfmatfc factors should be considered fn the desfgn (the houses
are sometfmes referred to as “horlntos” -- lfttle ovens). The IADIZA group
has investigated means of retrofitting exfstfng houses to be better behaved
thermally and has developed designs formultfstory apartment buildings that
wfll pass the denmndfng earthquake standards of Mendoza. The favorable
weather conditions of the area fndfcate that very small heatfllgand coolfng
loads can be achfeved through good desfgn.

A very dffferent desfgn challenge has been addressed by the group at the
Unfversfty of Salta for buildings to be loceted fn the dltfplano of north-
west Argentfna (22 degrees S Iatftude). The hfgh altftude (3300m) and
extremely low humfdfty results fn a very sunny but qufte cold clfmate (3230
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degree days) characterized by huge diurnal temperature swings (-7 to +15 C
in midwinter) and a year-round need for heat but no need for cooling.
These conditions cuupled with the low latitude lead to different design
strategies such as a central atrium wfth horizontal glazing. One building
has been constructed with east- andwest-facfng Trombe walls In addftfon
to normal north-facing solar collection planes.

China

Researchersat the Gansu Natural Energy Research Institute at Lanchou in
north central China are setting up a serfes of test buildings that include
passfve solar heating strategies appropriate to the cold, sunny winters of
this continental climate. Favorable data have dlrea~ been obtained on a
modified Trombe wall house at Xingfng. The particular challenge for this
group is to develop approaches ~nd materials suitoble for a country where
glass is not readily available in large sizes at affordable prices, and
where there is no established large-scale buildfng insulation fndustry.
Traditional buildfngs are already desfgned fn accordance with good passive
solar features such as correct orientation, building shape, location of
windows, window overh~ngs, and high themnal mass. But performance is
lfmitedby high heat losses and poor glazfng performance. Results of the
research wfll be used to guide government polfcy regarding materials manu-
facture, retrofit of existing buildfngs, and the desfgn of new buildings
for the 200 million people living fn this climate zone.

SJlaJ

Researchers at the Gas and Electricity, S.A., on the Mediterranean fsland
of Mallorca have buflt a small test house to experiment on a hybrid heating
system. Solar heat is collected in a vertical air-heating panel incorpo-
rated into the structure of the building’s south wall. The heated air is
forced through ducts by a low-power fan to a central partition wall having
labyrinthine channdls builtof ordinary brick ?’!11tiles sandwiched between
massive wall surface elements. The purpose is to develop a means of dis-
tributing heat from the south side of a building to thermal storage within
north rooms, a conmon design concern in high-density housing. Heat di$trf.
Lwtion to the house is by oassive conduction througn the wall and radfatfon
and convection to the space. Daily collection efficiencies exceeding 35%
have been obtained along with very stable and comfortable room tempera-
ture .

A related pvoblemin high-density housing is the distribution of daylight
into interior rooms located below the upper story. Architect Rafael Serra
at the University of Barcelona has experimented wfth vertical ducts which
extend from light ?coops located above the roof downward into the building.
The scoop and ducts are lined with mirrors to obtain high light transfer
efficiency. Reasonable lighting levels can be achieved in several rooms
feeding off a single duct. The aesthetic quality achieved is excellent anti
exciting.

European Consnunit#

Lebens (1983) has reported on a variety of design issues and concerns that
have been addressed in a multinational way under the Commission of European
Communities Passive Solar Program. Their activities include sponsoring two
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separate European Passive Solar Oesfgn Competitions, fundfng many component
research and development projects, developing performance monitoring tecl?-
nfques and monitoring butldings, evaluating both simple and simulation de-
sign models, developing design guidelines, constructing test facilities,
and publishing an extensfve European Passfve Solar Design Handbook. The
overall scope of research work fs hu e; ft fs a well-coordinated effort in-

!volving nine countries havfng a sfmf ar set of clfmatfc and desfgn con-
cerns.

United States—

Research on active solar fn the U.S. started gafning momentum fn 1974 and
in passfve solar !n 1978. Thfs broad effort has involved thousands of re-
searchers in both small and large groups located throughout the country at
government Iaboratorfes, in unfversitfes, fn fndustry and fndustry associa-
tions, and in prfvate offfces. Many of the results have been reported at
the annuai conferences and the cfght passfve solar conferences sponsored
by the American Solar Energy Soc{ety. The proceedings of these conferences
provide an access point fnto most of the U.S. research work.

Research on passfve and low energy bufldfngs has decreased dramatically in
the U.S. sfnce 1980 as a result of reductions fn government funding, and
fs probably at no more than 25% of the 1980 level today. The nature of the
program has shffted from an emphasis on cofmnerciulfzatfonto an emphasfs
on more fundamental research and development.

1.

2.

3.

4.

5.

6,

7.
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